ABSTRACT: Extinction rates for island birds around the world have been historically high. For 20 forest passerines, the Hawaiian archipelago has suffered some of the highest extinction rates and 21 reintroduction is a conservation tool that can be used to prevent the extinction of some of the 22 remaining endangered species. Population viability analyses can be used to assess risks to 
Introduction

67
Bird species across the world are in peril; one in eight species is globally threatened 68 (BirdLife International 2014) and extinction rates are highest on islands (Gilpin and Soulé 1986; 69 Steadman 2006). Extinction risk to small populations is explained by a broad suite of ecological 70 characteristics; stochastic threats (e.g., environmental or catastrophic) and deterministic factors 71 (e.g., demographic or genetic; Shaffer 1981 Shaffer , 1987 ). While each characteristic or threat alone may 72 lead a population to extinction, together they produce interacting effects that can increase 73 extinction probabilities, the 'extinction vortex' (Gilpin and Soulé 1986; Soulé and Mills 1998; 74 
Mills 2007).
75
Population viability analysis (PVA) is an analytical tool used to measure the processes that 76 can lead to extinction. Data can be applied to a suite of models that combine the effects of 77 deterministic and stochastic factors to estimate a population's probability of future persistence 
121
Due to an apparent lack of resistance by the native forest birds to mosquito-borne diseases, 122 such as avian malaria Plasmodium relictum, forests above 1500 m elevation provide the only 123 existing refuge for most native Hawaiian honeycreepers (Scott et al. 1986 parrotbill-preferred foraging substrate (Perkins 1903) , and the prevalence of nest failures in these have paved the way for several potential conservation strategies for this species.
141
We applied PVA models using detailed data from demographic, genetic and ecological to assess long-term viability of Maui parrotbills and evaluate potential conservation strategies.
144
We used a custom-made simulation model to understand key limiting factors for the current 145 population by determining which demographic variable(s) were most influential for population 146 growth and long-term viability. We also expanded upon this model to examine the effects of (1) 147 different management strategies to improve productivity and survival in the species' current 148 range, (2) removing individuals from the wild for reintroduction elsewhere, and (3) establishing 149 an additional geographically-distinct population in the leeward forests, currently unoccupied by
150
Maui parrotbills, which may provide a long-term refuge for the species. We use our findings for 151 the Maui parrotbill to illustrate the broader value of using PVA models to help guide the 152 decision-making needed to plan future conservation strategy for endangered species. 
Methods
155
Base models
156
Our base model was parameterized using estimates of Maui parrotbill vital rates from 157 Mounce et al. (2013, 2014, 2015; 
211
.
212
The number of adults in future years was a product of the number of adults ( ) and their annual 213 survival rate ( ), plus the product of the number of juvenile birds ( ) and their annual survival 214 rate ( ), as follows:
215
216
Adult and juvenile survival rates in the simulations were environmentally stochastic and drawn 217 from a beta distribution, where the alpha and beta shape parameters were derived from the 
220
We modified the base model in four ways to increase demographic rates above the estimates 221 from field studies. We used these modifications to capture parametric uncertainty in our 
243
To address these issues, we modified our base model by (1) increasing juvenile survivorship where i represents the current sub-population being projected, and j indicates the other sub-
259
populations to or from which individuals can be translocated.
260
For all individual simulations in R we used 1,000 iterations spanning 25 years. Although 
289
We applied the sensitivity and elasticity functions in the 'popbio' package to the deterministic 290 projection matrix for the Base Model. The sensitivity and elasticity analyses use the Modified
291
Base Model parameter as a deterministic matrix (Table 1) . the effects of increased survival and fecundity rates on the probability of successfully 327 establishing a wild self-sustaining population and on overall species extinction probability. To 328 account for the potential that leeward habitats may be higher quality due to fewer storms and 329 overall less precipitation than windward habitats, we used demographic rates that were 5%, 10% 
338
We used the most recent density estimate from Brinck et al. (2011) variables with a mean of 2.0 and incorporated into the projection as follows:
354
355
We set initial abundance in captive population at 7 females to reflect current conditions of the 
384
The reintroduction scenarios differed mainly based on the source of birds (i.e., the east and 
Results
401
All population viability models predicted a negative population growth rate (Table 2) Figure 4 ).
417
The increase of demographic parameters based on the assumption that leeward forests will 418 provide higher quality habitat for Maui parrotbills resulted in different population trajectories
419
(under reintroduction scenario iv) after the initial three-year reintroduction timeframe ( Figure 5 ).
420
All reintroduction scenario models show that a 10% increase in key demographic rates is not recorded for the species on these counts. As a result, significant trends have not been found and,
479
although it has been tempting to say that the population is stable given similar abundance estimates between years, we do not know whether the wild population is stable with any 481 certainty. It would be a mistake to ignore model predictions based solely on how well the output 482 conforms to count estimates for such a cryptic species. We suggest that a productive path 483 forward would be to implement an integrated population model that incorporates both 484 demographic data and count data, applies observation error models to both data sets and
485
integrates the analysis to estimate key demographic parameters using all available data (e.g.,
486
Schaub and Abadi 2011; Rushing et al. 2017 ).
487
Given the lack of management actions for increasing population viability in currently at greater risk of extinction in the event of a severe hurricane or other weather event.
502
Given the apparent limitation of management options in currently occupied habitats, moving 503 birds from existing populations to the leeward side of Haleakala, Nakula NAR, a drier, koa-504 dominated habitat, as modeled here, may be necessary. Furthermore, the birds in this new habitat 505 may be able to benefit from increased survival and productivity, key to the species long-term 506 success. Options for moving birds include moving birds from the wild, using captive-bred birds,
507
and a combination of these alternatives. Using captive-bred individuals can have ecological 508 consequences such as behavioral deficiencies, high susceptibility to starvation and disease, high given the low reproduction rate of captive Maui parrotbills, using only captive-bred birds would 515 1) render the current captive population ineffective, 2) establish a new population with genetic 516 variation from just a few females (i) or 3) require that a large number of wild individuals be 517 brought into captivity (ii and iii requiring 23% or 10%, respectively, of all wild females).
518
Without considering potential effects on the wild populations, the resources necessary to capture 519 and care for these high numbers of an endangered species in captivity is unrealistic with current 
543
We further explored scenario iv by looking at the reintroduced population's viability using 
